In recent years, different studies have revealed that adult mammalian cardiomyocytes have the capacity to self-renew under homeostatic conditions and after myocardial injury. Interestingly, data from animal models capable of regeneration, such as the adult zebrafish and neonatal mice, have identified different non-coding RNAs (ncRNAs) as functional RNA molecules driving cardiac regeneration and repair. In this review, we summarize the current knowledge of the roles that a specific subset of ncRNAs, namely microRNAs (miRNA), plays in these animal models. We also emphasize the importance of characterizing and manipulating miRNAs as a novel approach to awaken the dormant regenerative potential of the adult mammalian heart by the administration of miRNA mimics or inhibitors. Overall, the use of these strategies alone or in combination with current cardiac therapies may represent new avenues to pursue for cardiac regeneration.
Introduction
Cardiovascular diseases (CVDs) represent a leading cause of death worldwide [1, 2] . Among them, coronary artery disease is the most frequent cardiovascular disorder leading to acute myocardial infarction (MI). In the best cases, patients who survive an MI episode face progressive deterioration of their condition over the years, ultimately resulting in heart failure. During the last decades, many efforts have been focused on improving treatments during the acute phase of MI and enhancing the contraction of the surviving myocardium (i.e., b-blockers, angiotensin-converting enzyme inhibitors, and mineralocorticoid receptor blockers, among others). However, none of these approaches are aimed at inducing the formation of new functional cardiac tissue. Since transplantation remains the only therapeutic option for end-stage heart failure, extraordinary efforts have been devoted towards the identification of novel approaches to induce heart regeneration, including: (i) the activation of resident cardiac progenitor cells with proliferative competence and their differentiation into mature cardiomyocytes, (ii) the transplantation of cardiac precursor cells to the damaged myocardium, and (iii) improving the proliferation of pre-existing cardiomyocytes by the administration of compounds [3, 4] . While the two first approaches have not proved successful enough to restore the cardiomyocytes lost after injury, the third approach involving the activation of endogenous cardiac regeneration by manipulating cardiomyocyte proliferation has recently demonstrated promising outcomes.
Certain non-mammalian vertebrates, such as some fish and amphibians are able to regenerate their heart throughout their entire life [5e7] . For example, adult zebrafish have been shown to elicit a primitive regenerative response upon injuries such as cryoinjury [8e10] , ventricular resection [6] , genetic ablation of cardiomyocytes [11] and hypoxia-reoxygenation injury [12] . Recently, lineage tracing approaches in this species have shown that dedifferentiated cardiomyocytes re-enter the cell cycle through increased expression of polo-kinase 1 (plk1) to replenish the lost myocardium [7] . Despite these findings, endogenous mammalian cardiomyocyte dedifferentiation upon injury was unexplored until 2011, when Porrello and colleagues observed a remarkably similar regenerative response in neonatal murine hearts to that seen in the adult zebrafish [13] . In particular, the authors showed that amputating 10%e15% of the ventricular mass in newborn mice elicited a regenerative response during the early days of life (up to 7 days). These newly generated cardiomyocytes restored heart function after approximately 30 days, and arose from pre-existing cardiomyocytes, as demonstrated by Cre/lox genetic lineage-tracing [13] . Supporting this notion, Senyo and colleagues later provided conclusive observations implicating pre-existing cardiomyocytes as the main cellular source of new cardiomyocytes in aging mice and after MI [14] . Altogether, these findings suggest that the mammalian heart possesses all the required elements for regeneration, and that the identification of the molecular pathways sustaining these responses may represent an attracting area to complement existing approaches for repairing the human heart [15] .
Currently, regenerative strategies for heart healing rely on developing efficient approaches linked to proliferation, differentiation, and reprogramming. Although these methods have different characteristics and outcomes, they all depend on gene regulatory networks responsible for specialized biological processes during cardiac development and disease [1] . Globally, non-coding RNAs (ncRNAs) refer to those RNAs with no protein-coding potential but control different aspects of gene regulatory network activity, including transcriptional and epigenetic control, posttranscriptional gene regulation, and nuclear genome organization [1] . The different RNAs produced by the noncoding genome are rich and diverse in terms of biogenesis, structure, and function [16] . To date, hundreds of thousands of ncRNAs have been described in humans, however, the precise role of a great majority remains largely unknown. Traditionally, ncRNAs are classified based on their size into two categories: small (<200 nt), which include microRNAs (miRNAs), transfer RNAs, and small nucleolar RNAs; and longer RNAs (>200 nt), which include ribosomal RNAs, natural antisense transcripts and other long ncRNAs (lnRNAs) [17] . Recently, the incorporation of ncRNAs within cardiac gene regulatory networks represents a novel venue for therapeutic intervention in the heart. Mounting evidence highlight the role of lncRNA in cardiac development [18e23] and cardiovascular diseases [21e27] . The reader may refer to the following reviews summarizing the effects of lncRNAs on cardiac biology and regeneration [1, 2, 28, 29] , and cardiac disease [30] . In this regard, the development of next generation sequencing techniques has allowed the characterization of newly discovered lncRNAs in cardiac homeostasis and disease, which will allow their use in diagnosis, disease progression monitoring and targeted therapies [30] . miRNAs represent the most extensively studied class of small regulatory ncRNAs in the field of cardiac regeneration. These 21e22 nucleotide-long single-stranded ncRNAs guide RNAinducing silencing complexes to their target messenger RNAs (mRNAs) for degradation or translational repression. Importantly, miRNAs are known to control embryonic development, tissue homeostasis and pathological processes, such as MI [31] . Recent studies highlight that the activation of endogenous cardiac regeneration may be possible by manipulating cardiomyocyte proliferation. Alternatively, another approach to cardiac regeneration that has attracted much attention is the direct reprogramming of fibroblasts into functional cardiomyocytes, raising the possibility of in vivo conversion of cardiac fibroblasts into cardiomyocytes within the injured zone. This review will focus on highlighting the characteristics and biological roles of miRNAs in these processes by paying specific attention to the studies addressing the use of miRNAs that could be targeted for inducing in situ myocardial repair after cardiac injury in a clinical setting.
miRNAs controlling cardiomyocyte proliferation after cardiac damage: lessons from animal models
Regardless of the injury model used, cardiac regenerative responses in adult zebrafish are mediated by the proliferation of preexisting cardiomyocytes, which undergo de-differentiation and reenter the cell cycle. All these events drive cardiomyocyte migration into the damaged area to restore the ventricular mass lost after injury [7, 32, 33] . Indeed, genetic lineage tracing studies have revealed that existing cardiomyocytes, and not stem cells, are the major source of regenerating cardiac muscle in these species [7, 33, 34] . In this regard, it has been demonstrated that cardiomyocyte de-differentiation and proliferation after damage in the adult zebrafish heart takes place as a major consequence to sarcomere disassembly, which is required for DNA synthesis and cell division to occur. Along this line, a recent study using proteomic analyses has revealed that the zebrafish heart, similar to neonatal mouse hearts, is characterized by an immature myofilament composition, lacking many of the structural proteins present in mature mouse cardiomyocytes [35] . However, such cardiac regeneration capacity found in the adult zebrafish is largely impeded in the adult mammalian heart.
Within the last few years, alternative approaches attempting to recapitulate innate mechanisms of cardiac regeneration as those found in adult zebrafish or neonatal mice have attracted a lot of attention. The inability of the adult mammalian heart to regenerate reflects the postnatal loss of cardiomyocyte proliferative capacity, which occurs during the first few weeks after birth in mice. Indeed, the molecular mechanisms sustaining postnatal cardiomyocyte binucleation and mitotic arrest remain unknown and are currently some of the most challenging questions to answer in cardiac biology. In an attempt to identify miRNAs involved in these processes, Porrello and colleagues performed microarray analyses to profile miRNAs involved in postnatal cardiomyocyte mitotic arrest in 1-and 10-day old mouse hearts. Using this approach, the authors observed that miR-195 expression was upregulated during this period, and that its overexpression in developing cardiomyocytes correlated with premature cell cycle arrest and a predisposition to congenital abnormalities, including ventricular septal defects [36] . On the contrary, postnatal inhibition of the entire miR-15 family (miR-15a, miR-15b, miR-16-1, miR-16-2, miR-195, and miR-497) using locked nucleic acid (LNA)-modified antimiRs extended the proliferative capacity of neonatal cardiomyocytes beyond the normal window of postnatal cell cycle arrest, resulting in increasing numbers of mitotic cardiomyocytes and the de-repression of checkpoint kinase 1 [36] . Similarly, the same group demonstrated that 1-day old miR-195 transgenic mice failed to regenerate after an infarct, and that cardiac function was severely impaired due to the formation of large fibrotic scars soon after the infarct [37] . Accordingly, inhibition of the miR-15 family in postnatal stages increased cardiomyocyte proliferation and improved left ventricular function after ischemia-reperfusion (I/R) injury in mice [37] . The same group observed similar results after acute inhibition of the miR-15 family in mice and pig models [38] . Overall, these findings suggest that upregulation of the miR-15 family during the neonatal period is an important regulatory mechanism that controls cardiomyocyte cell cycle arrest and highlights its potential use as a therapeutic target for the manipulation of cardiac remodeling and function. Nevertheless, further studies are needed in order to ascertain its effects in cardiac proliferation in adult stages [37] .
Of interest, in a work by Yin and colleagues, miR-133, a miRNA that induces defects in cardiac looping and chamber formation in Xenopus [39] , which also has known roles in cardiac proliferation [40] and disease [41] , was found to diminish its expression during zebrafish heart regeneration [42] . Accordingly, the authors engineered a miR-133 sponge construct encoding an EGFP cDNA followed by triplicate perfect binding sites for miR-133. In this manner, by transgenic miR-133 depletion, authors achieved an enhanced regenerative response seven days after ventricular amputation compared with wild type controls. Remarkably, one of the miR133 targets is Mps1 (monopolar spindle protein 1), a mitotic checkpoint kinase that when mutated hampers zebrafish heart regeneration leading to scar formation after damage [6] .
Importantly, a genomic-scale screening performed by Eulalio and colleagues has described several individual miRNAs and miRNA families able to reduce or stimulate cardiomyocyte proliferation when delivered exogenously to neonatal rodent cardiomyocytes [43] . Besides the miR-15 family, another family identified by the authors to largely inhibit cardiac proliferation was the let-7 family, a highly conserved miRNA family that has previously shown to play important roles during development and stem cell differentiation [44] . Notably, recent findings from our laboratory have identified that the miRNA (miR) clusters miR99/Let-7c and miR-100/Let-7a are down regulated during the early stages of zebrafish regeneration, resulting in increased expression of their protein targets: smarca 5 (SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily a, member 5) and fntb (beta subunit of farnesyl-transferase) [15] . Interestingly, our results also showed that both human and murine hearts failed to downregulate these miRs after injury, and that the delivery of anti-miRs using adeno-associated virus (AAVs) in a mouse model of MI improved cardiac function and was correlated with increases in the levels of FNTB and SMARCA5 expression. Using this approach we also demonstrated that experimental downregulation of miR-99/100 and/or let-7a/c in vitro (in primary cultures of neonatal cardiomyocytes) and ex vivo (murine heart organotypic slices) resulted in the expression of increased amount of GATA4, a marker associated with dedifferentiated cardiomyocytes, together with markers of proliferation (PCNA, or phosphorylated H3, respectively) [15] . Importantly, it has been shown that both miR99a and Let-7c act as key regulators of cardiomyogenesis during embryonic development [45] , and that the manipulation of the let-7-a/c miRNAs by Lin28a allows for the induction of regenerative responses in several adult mouse tissues [46] .
Of note, in the above mentioned work by Eulalio and colleagues, at least 40 miRNAs with previously unknown roles in stimulating cardiomyocyte proliferation were also identified, including miR199a and miR-590, as well as the miR-17/92 and the miR-302/367 clusters [43] . The authors elegantly manipulate miRNA expression in order to evaluate cardiomyocyte proliferation in vivo. Specifically, they made use of high-throughput analyses and high-content microscopy systems to methodically identify proliferation-competent cardiomyocytes using a library of 875 miRNA mimics. The study was focused on the identification of miRNAs that promote expression of proliferative markers (Ki67, H3S10ph) and incorporation of DNA analogs indicative of DNA synthesis. Using this approach, the authors found over 204 miRNAs that enhanced cardiomyocyte proliferation more than 2-fold in both neonatal rats and adult mice. Subsequently, they selected two inducers with the highest potential of cardiomyocyte proliferation, namely miR-199a and miR-590, to be delivered into uninjured and infarcted adult mice using adeno-associated virus serotype 9 (AAV9) transduction. Interestingly, the overexpression of the two miRNAs increased cardiomyocyte proliferation rates, cardiac regeneration and improved cardiac function [43] .
As stated above, the miR-17-92 cluster has also been recognized as a critical regulator of cardiac proliferation [43] . Interestingly, this same cluster was previously identified as a human oncogene [47] and a regulator of cardiac function during embryonic heart development [48] . Recently, Chen and colleagues have also demonstrated that transgenic overexpression of the miR-17-92 cluster in the murine heart induces cardiomyocyte proliferation in embryonic, postnatal and adult stages through the inhibition of phosphatase and tensin homolog (PTEN) [49] . Moreover, Chen and colleagues also showed that its overexpression was associated with enhanced cardiac function after MI, highlighting its potential use for the induction of cardiomyocyte proliferation and regeneration in adult stages [49] .
In addition to miRNAs that can act by suppressing or enhancing cardiomyocyte proliferation, also several miRNAs have been described to play a role in regulating cardiomyocyte survival. Among them, the miR-34 family is induced after MI and promotes cardiomyocyte cell death [17,50e52] . Specifically, miR-34a has been described to be upregulated over time in both endothelial cells and cardiomyocytes [53, 54] , after cardiac injury [31, 52, 54] , and in patients with heart failure [55] . Moreover, recent findings indicate a cardioprotective effect for miR-34a during cardiac aging [54] . Interestingly, miR-34a targets SIRT1, a deacetylase with cardiac and vasculoprotective functions, which upon de-repression contributes to the antiapoptotic effects of miR-34a inhibition. Moreover, miR-34a represses the protein phosphatase 1 regulator PNUTS (or serine/threonine protein phosphatase 1 regulatory subunit 10 [PPP1R10]), which is involved in mediating DNA damage response and telomere shortening [51, 54] . Similarly, it has been demonstrated that cardiac miR-34a levels are low in the early postnatal period and will rise to adult levels within one week after birth. Accordingly, overexpression of miR-34a in early postnatal mice was found to limit cardiomyocyte proliferation and cardiac regeneration following injury. Conversely, intravenous antagonism of miR-34a using LNA improved cardiac function after MI in adult mice through the modulation of genes previously linked to cellular proliferation and/or survival, such as Bcl2, Cyclin D1 and Sirt1 [54] .
Overall, mounting evidence highlights that manipulation of cardiomyocyte proliferation is feasible and represents an effective approach for cardiac regeneration. Nevertheless, the molecular mechanisms promoting cardiomyocyte re-entry into the cell cycle still remain largely unknown. In this regard, it has been recently demonstrated that the miR302/367 cluster stimulates cardiomyocyte proliferation during early heart development by inhibiting the Hippo pathway, and that transient treatment with miR302/367 mimics in mice after MI promotes cardiac regeneration [56] . Interestingly, miR302/367 gain of function led to cardiomegaly in fetal and juvenile hearts, which show a more undifferentiated phenotype, similar to that seen in developing hearts with disrupted Hippo signaling [57] . Conversely, the deletion of Hippo signaling extends the heart's regenerative capacity beyond the first week of postnatal life and sustains cardiomyocyte generation with functional recovery after MI in adult mice [57, 58] . Similarly, deletion of Yap in the embryonic mouse heart causes myocardial hypoplasia, which causes early embryonic lethality [59, 60] , whereas in the postnatal heart it induces progressive dilated cardiomyopathy, which is associated with a reduced number of mitotic cardiomyocytes during the neonatal stage [61] . Interestingly, when LAD ligation was performed in 7 day-old transgenic mice overexpressing a constitutively active mutation of Yap (YapS112A) under the control of an aMHC promoter, transgenic mouse hearts could regenerate with almost no fibrosis and showed increased cardiac tissue formation [61] . Importantly, overexpression of the constitutively active YapS112A mutation in cultured cardiomyocytes was associated with the induction of cardiomyocyte proliferation through activation of the insulin growth factor (IGF) signaling pathway and the inactivation of Glycogen synthase kinase 3 beta (GSK3b) [61] , highlighting the importance of Hippo and IGF-Wnt/b-catenin crosstalk for cardiomyocyte proliferation during heart development [60, 62] .
Research of the Hippo pathway in Drosophila has provided important hints for understanding cell proliferation regulation and organ size in mammals. In the developing mouse heart, many key Hippo pathway components are functionally preserved throughout evolution [63, 64] . In mammals the most downstream Hippo pathway components are the transcriptional coactivators Yap (Yki in Drosophila) and Taz, which promote transcription of proproliferative genes. Yap is inactivated by a kinase cascade that includes Mst1/Mst2 (Hippo in Drosophila) and the Lats kinases (Lats1/2), which act together with the Mob1 complex to promote Yap exclusion from the nucleus. Indeed, the work by Tian and colleagues identified that one of the possible mechanisms of action of the miR302/367 cluster is through the repression of Mst1, Mst2 and Mob1b [56] . Recently, Yang and colleagues conducted microarray analyses and observed that miR-206 expression was upregulated by Yap in cardiomyocytes, and that cardiac-specific overexpression of miR-206 in mice induced hypertrophy and protected the heart from I/R injury, whereas its suppression exacerbated I/R injury and prevented pressure overload-induced cardiac hypertrophy. Overall, the authors also identified FoxP1 as a functional target of miR-206, which when overexpressed, attenuated miR-206-induced cardiac hypertrophy and survival [65] . Fig. 1 summarizes the different miRNAs controlling post-natal cardiomyocyte proliferation after injury in different animal models.
miRNAs controlling cardiomyocyte (re)programming
The possibility to isolate and expand cardiac progenitor cells (CPCs) capable of differentiation into cardiomyocytes and vascular cells has encouraged the field of cardiac regeneration with hopes of future uses in regenerative medicine. Several CPC populations have been identified in the developing and adult heart including cKit þ CPCs [66, 67] , cardiosphere-derived cells (CDCs) [68] , epicardium derived cells, cardiac side population cells [69] , Sca-1þ CPCs [70] , Isl-1þ CPCs [71] , and PDGRaþ CPCs [72] , (further reviewed in Fig. 1 . microRNAs controlling post-natal cardiomyocyte proliferation. The use of different animal models has allowed for the identification of miRNAs driving cardiac endogenous repair by the induction of proliferative responses in cardiomyocytes.
Refs. [73, 74] ). Despite all the progress, the actual function of these cell populations is still controversial and further studies are needed in order to define their regenerative potential in a clinical setting [4] . Other cell types, such as human embryonic stem cells (hESCs) or induced pluripotent stem cells (iPSCs) have been recently evaluated. However, specification and differentiation towards cardiac cell types must be tightly controlled in order to produce mature cell types and avoid adverse events (i.e., tumor formation after transplantation, among others). In addition, a robust protocol for their derivation into cardiomyocytes has yet to be established, and the generation of mature and functional cardiomyocytes from human pluripotent stem cells still remains a major challenge in the field (Fig. 2) .
To date several miRNAs have been shown to promote cardiac differentiation from hESCs. Wilson and colleagues reported the first miRNA profiling of cardiomyocytes derived from hESCs and identified that the expression of several miRNAs, including miR-1, miR-133, miR-208 was upregulated during the time course of differentiation. The authors also defined a novel role for miR-499 in cardiac differentiation, since its overexpression caused upregulation of the cardiac transcription factor MEF2C [75] . Interestingly, both miR-499 and miR-208 are also known to affect cardiac function. miR-499 and miR-208 are encoded by an intron of MYH7 and MYH6, respectively, and they share many predicted targets, though miR-208 has been previously shown to play a crucial role in stress adaptation of the adult heart [76] . In recent years, further studies have tried to dissect the functional role of different miRNAs previously shown to be related to cardiac differentiation in stem cells, and identified that whereas miR-499 promotes ventricular specification of hESCs, miR-1 facilitates electrophysiological maturation [77] .
In an effort to bypass the use of pluripotent stem cell sources as the initial population for the derivation of cardiac cells, several strategies are being devised to eliminate the risk of teratomas and eventually allow for in vivo reprogramming of resident cardiac cells (Fig. 2) . Along this line, a recent report has demonstrated the direct conversion of mouse fibroblasts to a cardiomyocyte-like phenotype using a single transient transfection with a combination of miRNAs with known roles in cardiac development and differentiation (miR-1, miR-133, miR-208, and miR-499) [78] . Interestingly, the reprogrammed cells expressed specific markers for cardiac-like cells and exhibited electrophysiological characteristics related to cardiomyocytes. More importantly, direct administration of these miRNAs into injured myocardia resulted in direct conversion of cardiac fibroblasts to cardiomyocyte-like cells in vivo, as confirmed by genetic tracing using Fsp1Cre-mice [78] . In parallel to these findings, Nam and colleagues found that different human cardiac transcription factors, including GATA binding protein 4, Hand2, Tbox5, and myocardin, together with two microRNAs, miR-1 and miR-133, activated cardiac marker expression in neonatal and adult human fibroblasts. Importantly, long-term culture of transduced cells showed that human fibroblasts reprogrammed with these Fig. 2 . Cellular reprogramming for heart repair. To date reprogramming strategies as lineage conversion and/or guided differentiation from patient-specific iPSCs represent attractive strategies for the treatment of cardiovascular diseases. The possibility to work with unlimited amounts of starting cell populations (either patient fibroblasts or patientspecific iPSCs) would allow for their generation and expansion on demand.
factors exhibited sarcomere-like structures and calcium transients, and that a small subset of reprogrammed cardiac cells showed spontaneous contractility. Interestingly, those changes were in agreement with the acquisition of the expression of cardiac genes and suppression of non-myocyte genes [79] .
Conclusion
Though the ability to induce organ regeneration has fascinated humanity for centuries, the cellular and molecular events driving the generation of new tissue structures or parts of organs after damage are still unknown. With respect to the heart, early studies in amphibian, axolotls, and newts described the intrinsic capabilities of those organisms to regenerate their hearts after damage [80e82]. This potential has been believed to be absent in mammals until the recent years, when independent studies highlighted the observation that adult mammalian cardiomyocyte renewal occurs under biological conditions [14, 83, 84] . Identifying the intrinsic repair capacity of the mammalian heart has encouraged the scientific community to develop therapeutic strategies to enhance this residual potential. In this regard, comparative analyses between cardiac repair and regeneration in different animal models and at different stages of development have identified the existence of conserved pathways driving heart regeneration. In this review, we highlight different studies that provide convincing evidence that miRNAs might represent an attractive approach when developing novel strategies for heart healing. Despite these encouraging results, important issues need to be addressed before translating these findings into the clinic. For instance, our understanding of miRNA biology in cardiac tissue is still in its infancy, requiring further studies in order to achieve a full perspective on cardiac regulatory networks under miRNA control. Such information will also benefit the development of effective and safe methods of miRNA-targeting molecules and the avoidance of unwanted offtarget effects. Eventually, these advances will result in novel therapeutic approaches targeting cardiac failure, a major unmet need in the clinic.
